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Shower fluxes are computed from ZHR
Koschack & Rendtel (1990; KR90)
1. Calculate magnitude-limited flux from ZHR:
f6.5 =
ZHR0 · (13.1r − 16.5)(r − 1.3)0.748
37200 km2
2. Convert to milligram-or-larger flux (faster = brighter):
fmg = f6.5 · r
9.775 log10
(
29 km/s
v100 km
)
3. Scale to desired mass:
fm
fmg
=
(
m
1 mg
)1−s
where s = 1 + 2.3 log10 r is the mass index.
Shower flux
I We report fluxes to 4 limiting particle kinetic energies.
KEref (J) mref (g) dref (cm)
6.7 3.35× 10−5 0.04
104.7 5.24× 10−4 0.1
2827. 1.41× 10−2 0.3
104720. 5.24× 10−1 1.0
I For each shower, we calculate the appropriate limiting mass:
mlim = mref ×
(
20 km/s
v400 km
)2
Shower flux
Gravitational focusing and shielding
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Figure 1. The meteoroids approach from the left in a collimated stream. RP
is the radius of the planet and bmax is the max value of the impact parameter
of particles colliding with the planet. If gravity were not acting the capture
cross-sectional area of the planet would be ANG = …R2P, with gravity present,
it is effectively AG = …b2max.
a few identifiable (albeit rather diffuse) sources, gravitational focus-
ing may appreciably exacerbate the meteoroid impact hazard.
Divine, Gru¨n & Staubach (1993) and Staubach, Gru¨n & Jehn
(1997) have published analytic expressions for the focusing en-
hancement and shielding factors based on work by Divine (1992).
Unfortunately, Divine’s original work, which involved a great deal
of algebra, never appeared in the open literature and was applied
only to a few representative cases for sporadic meteors. In this pa-
per, we compare the predictions of the Divine method with those
based on a different analytical approach and present results for a
selection of applicable cases.
2 T H E M E T H O D
We need to avoid complications arising from the different masses
and sizes of the planets that are likely to be considered, so we have
adopted a normalized set of units with the unit of speed equal to that
of a body in a circular orbit just above the surface of the planet (V0)
and the unit of distance being the radius of the planet. In this system
of units, a meteoroid trajectory is characterized by the parameter F
given by
F = v2i r , (2)
where vi is the normalized value of Vi (i.e. Vi/V0), and r is the
normalized distance of the observer from the planet.
The focusing geometry is depicted in Fig. 2. If r is the vector
from the planet centre to an observer, the initial and final directions
of the meteoroids at the observer are defined by the angles ξ and φ,
respectively, as shown in the diagram. From Fig. 3 it is readily seen
that there are two trajectories by which a particle initially travelling
in a given direction can arrive at a specified point P in space, i.e. two
b dt
r
r sin( )
db
Figure 2. Focusing geometry. Meteoroids are initially travelling horizon-
tally from the left. ξ and φ are, respectively, the angles between r and the
initial and final meteoroid velocities. The gravitational field of the planet
causes the thickness d t of the initially parallel sheath-like bundle of trajec-
tories to increase, while its cross-section decreases.
Figure 3. Particles initially travelling in a given direction in the gravitational
field of the planet can reach the point P while moving by either of two
trajectories TS (shorter) and TL (longer). The corresponding values of φ are
φS and φL. The path TL, because it undergoes the greater deflection, must
make the closer approach to the planet.
values of φ for a given ξ . We will refer to the shorter, more direct
path as TS and to the longer path as TL.
To estimate the intensification factor due to focusing for a partic-
ular trajectory, we treat the problem as one of fluid flow whereupon
we note that the flux enhancement factor is just the ratio by which
the cross-sectional area of the flow tube has decreased as it arrives
at the specified location in space as shown in Fig. 2. It is convenient
to consider that the meteoroids flow in a thin sheath, in which case
the initial cross-sectional area of the sheath far from the planet is
just 2πbdb, where b is the impact parameter given by
b = r sin(φ)
√
F + 2
F
. (3)
The cross-sectional area AR of the sheath at some target location
specified by (r, ξ ) is given by
AR = 2πr sin(ξ ) sin(φ) dr (4)
assuming constant ξ , leading to the following expression for the
focusing factor:
ηF(ξ, F) = b
r sin(ξ ) sin(φ)
db
dr
= 1
sin(ξ )
√
F + 2
F
db
dr
. (5)
The factor db/dr is expressible as an analytic function of ξ and F
(Appendix B), leading to
ηF(ξ, F) = sin(φ)
sin(ξ )
F + 1
F
− 1
2 sin(ξ ) sin(φ)
×
{
[1+ cos(ξ )][cos(ξ )∓ 2B]
F + 2 ±
1− cos2(ξ )
2F B
}
. (6)
The quantity B(ξ , F) is defined in Appendix B, and the upper and
lower signs, where they appear, refer to the trajectories TS and TL,
respectively. Results obtained with equation (6) have been confirmed
using form (5) with db/dr evaluated numerically.
To make use of equations (5) or (6), we need to know both ξ
and φ. It is a straightforward, if lengthy, matter to find an analytic
expression for ξ (φ, F), but in practice it will be ξ and F that are
known and we require analytic expressions for φ(ξ , F). Since we
use a Monte Carlo approach involving large numbers of particles
to estimate the flux distribution in the vicinity of the planet, speed
of calculation is of the essence. Fortunately, Divine (1992) has suc-
ceeded in finding a set of expressions for the trajectory solutions
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Diagram from Jones & Poole, 2007
I Earth’s gravity enhances
the meteoroid flux near
Earth
I The Earth also physically
blocks some meteoroids
I Shower fluxes include g vitational focusing but not shielding.
I Reflects a “worst-case” scenario in which a spacecraft element
is fully exposed to the shower.
Baseline flux
I We use the Gru¨n meteoroid flux as a point of comparison.
I Reference speed is 22.75 km s−1 at 400 km altitude (due to
grav focusing).
10−10 10−8 10−6 10−4 10−2 100 102
10−9
10−5
10−1
103
mass (g)
G
ru¨
n
fl
u
x
Baseline flux
Gravitational focusing and shielding
926 J. Jones and L. M. G. Poole
RP
bmax
Figure 1. The meteoroids approach from the left in a collimated stream. RP
is the radius of the planet and bmax is the max value of the impact parameter
of particles colliding with the planet. If gravity were not acting the capture
cross-sectional area of the planet would be ANG = …R2P, with gravity present,
it is effectively AG = …b2max.
a few identifiable (albeit rather diffuse) sources, gravitational focus-
ing may appreciably exacerbate the meteoroid impact hazard.
Divine, Gru¨n & Staubach (1993) and Staubach, Gru¨n & Jehn
(1997) have published analytic expressions for the focusing en-
hancement and shielding factors based on work by Divine (1992).
Unfortunately, Divine’s original work, which involved a great deal
of algebra, never appeared in the open literature and was applied
only to a few representative cases for sporadic meteors. In this pa-
per, we compare the predictions of the Divine method with those
based on a different analytical approach and present results for a
selection of applicable cases.
2 T H E M E T H O D
We need to avoid complications arising from the different masses
and sizes of the planets that are likely to be considered, so we have
adopted a normalized set of units with the unit of speed equal to that
of a body in a circular orbit just above the surface of the planet (V0)
and the unit of distance being the radius of the planet. In this system
of units, a meteoroid trajectory is characterized by the parameter F
given by
F = v2i r , (2)
where vi is the normalized value of Vi (i.e. Vi/V0), and r is the
normalized distance of the observer from the planet.
The focusing geometry is depicted in Fig. 2. If r is the vector
from the planet centre to an observer, the initial and final directions
of the meteoroids at the observer are defined by the angles ξ and φ,
respectively, as shown in the diagram. From Fig. 3 it is readily seen
that there are two trajectories by which a particle initially travelling
in a given direction can arrive at a specified point P in space, i.e. two
b dt
r
r sin( )
db
Figure 2. Focusing geometry. Meteoroids are initially travelling horizon-
tally from the left. ξ and φ are, respectively, the angles between r and the
initial and final meteoroid velocities. The gravitational field of the planet
causes the thickness d t of the initially parallel sheath-like bundle of trajec-
tories to increase, while its cross-section decreases.
Figure 3. Particles initially travelling in a given direction in the gravitational
field of the planet can reach the point P while moving by either of two
trajectories TS (shorter) and TL (longer). The corresponding values of φ are
φS and φL. The path TL, because it undergoes the greater deflection, must
make the closer approach to the planet.
values of φ for a given ξ . We will refer to the shorter, more direct
path as TS and to the longer path as TL.
To estimate the intensification factor due to focusing for a partic-
ular trajectory, we treat the problem as one of fluid flow whereupon
we note that the flux enhancement factor is just the ratio by which
the cross-sectional area of the flow tube has decreased as it arrives
at the specified location in space as shown in Fig. 2. It is convenient
to consider that the meteoroids flow in a thin sheath, in which case
the initial cross-sectional area of the sheath far from the planet is
just 2πbdb, where b is the impact parameter given by
b = r sin(φ)
√
F + 2
F
. (3)
The cross-sectional area AR of the sheath at some target location
specified by (r, ξ ) is given by
AR = 2πr sin(ξ ) sin(φ) dr (4)
assuming constant ξ , leading to the following expression for the
focusing factor:
ηF(ξ, F) = b
r sin(ξ ) sin(φ)
db
dr
= 1
sin(ξ )
√
F + 2
F
db
dr
. (5)
The factor db/dr is expressible as an analytic function of ξ and F
(Appendix B), leading to
ηF(ξ, F) = sin(φ)
sin(ξ )
F + 1
F
− 1
2 sin(ξ ) sin(φ)
×
{
[1+ cos(ξ )][cos(ξ )∓ 2B]
F + 2 ±
1− cos2(ξ )
2F B
}
. (6)
The quantity B(ξ , F) is defined in Appendix B, and the upper and
lower signs, where they appear, refer to the trajectories TS and TL,
respectively. Results obtained with equation (6) have been confirmed
using form (5) with db/dr evaluated numerically.
To make use of equations (5) or (6), we need to know both ξ
and φ. It is a straightforward, if lengthy, matter to find an analytic
expression for ξ (φ, F), but in practice it will be ξ and F that are
known and we require analytic expressions for φ(ξ , F). Since we
use a Monte Carlo approach involving large numbers of particles
to estimate the flux distribution in the vicinity of the planet, speed
of calculation is of the essence. Fortunately, Divine (1992) has suc-
ceeded in finding a set of expressions for the trajectory solutions
C⃝ 2007 The Authors. Journal compilation C⃝ 2007 RAS, MNRAS 375, 925–930
Diagram from Jones & Poole, 2007
I Earth’s gravity enhances
the meteoroid flux near
Earth
I The Earth also physically
blocks some meteoroids
I Bas line flux include g vitational focusing and shielding.
I A portion of the sporadic flux will be blocked by the Earth.
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Enhancement factors
The forecast reports fluxes on a flat plate facing the shower radiant
vs.
This is a “worst-case scenario” for shower exposure. Although
typically showers are a small fraction (0.9% - 15%) of the baseline
flux, the risk enhancement can be significant for a fully exposed
element.
Enhancement factors
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Activity profiles in the annual forecast
Original forecast parameters from Jenniskens (1994)
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Plots from Jenniskens (1994)
Visual observations in both the northern and southern hemispheres.
14 years of CMOR data
Arietids
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14 years of CMOR data
Arietids: color-coded by year
60 70 80 90 100
λ¯ (◦)
0.00
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
fl
u
x
(k
m
−2
h
r−
1
) ARI
Challenges
background varies by year:
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trends in background:
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sensitivity varies by year:
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outliers:
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Step 1: Fit trend to background
I weight the data away from the peak more:
wi = (λ,i − λ0)2 (1)
And fit a linear trend:
fbg = aλ + byr (2)
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Step 2: Initial fit to data
Next, I fit for f0, Bp, Bm, and λ0
f = f0 ·
{
10+Bp(λ−λ0) λ < λ0
10−Bm(λ−λ0) λ > λ0
I clip 5-σ outliers and iterate until there are none.
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Step 2: Initial fit to data
Next, I fit for f0, Bp, Bm, and λ0
f1 = f0 ·
{
10+Bp(λ−λ0) λ < λ0
10−Bm(λ−λ0) λ > λ0
I clip 5-σ outliers and iterate until there are none.
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Step 3: Fit amplitudes
Using f1(λ) from Step 2, I allow the amplitude to vary by year:
fi =
∑
yr
f1(λi ) ∗ ayr + byr
I use these a and b values to normalize the data, and then again fit
for the shape parameters.
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Arietids
I Comparing Jenniskens (1994) with this work (right).
I Previous forecast profiles appears in gray (peak amplitude
matched)
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Improved showers
In the end, we were able to improve the activity profiles for 12
showers:
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Summary
I The MEO generates annual meteor shower forecasts that
report:
I Shower fluxes (based on ZHR and other shower parameters)
I Baseline fluxes
I Enhancement factors (to support risk assessments)
I More recent, we revised many shower activity profiles.
I We used 14 years of fluxes from CMOR (advantageous for
daytime showers in particular)
I We were able to improve the profiles of 12 major meteor
showers.
I We plan to expand this in the future to include additional
data and constrain mass indices.
